(1) Introduction X -linked hypophosphatemic rickets (HYP) is characterized by defective renal phosphate handling (renal-leak), aberrant vitamin D metabolism, and defective calcification of bone (rickets in children and osteomalacia in adults) (Rowe, 1994 (Rowe, , 1997 (Rowe, , 1998 Quarles and Drezner, 2001 ). Tumor-induced osteomalacia (OHO) has many features in common with HYP and is proposed to have an overlapping pathophysiology (Rowe, 1997 (Rowe, , 1998 Drezner, 2001; Quarles and Drezner, 2001 ). The primary defect in HYP is a defective Zn-metalloendopeptidase called PHEX, formerly PEX (HYP Consortium et al., 1995; Rowe et al., 1996a Rowe et al., , 1997 Francis et al., 1997) . The acronym PHEX stands for Phosphate-regulating gene with Homologies to Endopeptidases on the X-chromosome. PHEX is predominantly expressed in osteoblasts and odontoblasts, and there is overwhelming evidence confirming that a loss of PHEX function indirectly results in the secretion of osteoblast-specific factors that inhibit renal phosphate handling and mineralization in vitro and in vivo (Meyer et al., 1989a,b; Ecarot et al., 1992a Ecarot et al., ,b, 1994 Ecarot et al., , 1995 Nesbitt et al., 1992 Nesbitt et al., , 1995 Nesbitt et al., , 1999 Yamamoto et al., 1992; Rifas et al., 1995 Rifas et al., , 1997 Halstead et al., 1996; Lajeunesse et al., 1996; Carpenter et al., 1998; Xiao et al., 1998; Miao et al., 2001; Shih et al., 2002) . These uncharacterized HYP-osteoblast secreted phosphate-inhibitors and mineralization-inhibitors have been described as phosphatonins (PTNs) and minhibins (MNHs), respectively (Econs and Drezner, 1994; Rowe et al., 2004) .
Recently, the 'autosomal-dominant' form of hypophosphatemic-rickets (ADHR) has been shown to be caused by activating mutations in FGF23 . The FGF23 missense-mutations increase resistance to proteolysis and, consequently, half-life of the full-length mutated FGF23 molecule. Thus, the full-length mutant-form is proposed to have an adverse impact on renal phosphate handling and mineralization in ADHR. FGF23 bone-tissue expression is very low. Indeed, several groups find no evidence for expression of FGF23 in bone (Yamashita et al., 2000; Guo et al., 2001 Guo et al., , 2002 Liu et al., 2001; White et al., 2001; Bai et al., 2002) . However, when more sensitive techniques were used, FGF23 mRNA expression was detected in bone-tissue and in SV-40 transformed cell-lines derived from HYP osteoblasts and osteogenic cells from normal human bone (Liu et al., 2003b; Riminucci et al., 2003) . Unlike MEPE or PHEX, low-level FGF23 mRNA in bone is not developmentally coordinated with maturation of the normal osteoblast in vitro (Gowen et al., 2003; Liu et al., 2003a) . Lowlevel bone-expression of FGF23 does not preclude boneexpressed FGF23 from having a major role in bone-renal homeostasis. However, this suggests that extra-osseous expressed FGF23 may also play a key role, particularly since FGF23 expression was originally localized to the ventrolateral thalamic nucleus of the brain, and PHEX is also expressed in brain, parathyroid glands, and bone (Blydt-Hansen et al., 1999; Yamashita et al., 2000) . The evidence strongly suggests that several factors adversely affect renal phosphate-handling independently in HYP and or OHO (FGF23, MEPE, etc.) . Frizzled related protein 4 (FRP-4) is the most recent candidate phosphatonin suggested to play a role in OHO and HYP (De Beur et al., 2002; Berndt et al., 2003) . New research is now beginning to unravel the relationship between these candidate phosphatonins and minhibins. For example, the key questions are: (1) Are these factors components of contiguous, overlapping, or separate pathways? (2) Do they exert their biological effects directly or indirectly? (3) Are the proposed phosphatonins/minhibins osteoblastic and/or extra-osseous in provenance, or both?
There are clearly complex molecular and physicochemical interactions between and among matrix-proteins required for mineralization, matrix-proteins inhibiting mineralization, bone remodeling, and bone-renal phosphate-homeostasis. Perturbations in proteolytic processing, protein-protein interactions, and signal-transduction, not surprisingly, affect the dynamic equilibrium of these complex multifaceted processes in unexpected ways. For example, a small acidic, proteaseresistant MEPE-peptide (ASARM peptide) could potentially be the first biological bisphosphonate described (Rowe et al., 2000 (Rowe et al., , 2004 . This peptide occurs in MEPE and some related family proteins (SIBLINGs), and the acronym ASARM stands for Acidic-Serine-Aspartate-Rich-MEPE-associated motif (Rowe et al., 2000 (Rowe et al., , 2004 . The biological properties of the ASARM peptide are remarkably similar, in some aspects, to those of etidronate. The ASARM peptide (like etidronate) inhibits mineralization in vivo and in vitro and affects renal phosphate handling. Many uncertainties remain, and determining the physiological importance of these new molecules will require a careful disentangling of their pathophysiological roles. The rewards will be high, since there is clear potential for the therapeutic treatment of hypophosphatemic and hyperphosphatemic conditions (renal osteodystrophy, end-stage renal failure, renal toxicity, renal-transplantation), bone-mineral and phosphate loss disorders (HYP, OHO, ADHR), ectopic calcification, periodontal disease, and osteoporosis.
(2) PHEX: a Protease and Ligand?
PHEX belongs to the M13 family and MA clan of Zn-metalloendopeptidases. The prototypic member of this group of type II integral membrane glycoproteins is neutral endopeptidase (NEP) (Letarte et al., 1988; Shipp et al., 1988) . These proteins have a short cytoplasmic N-terminal region, a single transmembrane domain, and a large extracellular C-terminal domain with a zinc binding motif. Other members of this group include: endothelin-converting enzyme-1 (ECE-1␣, ECE-I␤, and ECE-II), ECE-like enzyme/distress-induced neuronal endopeptidase (ECEL1/DINE), soluble endopeptidase/NEPlike enzyme-1/neprilysin 2 (SEP/NL1/NEP2), membrane metallo-endopeptidase-like 2 (MMEL2), and Kell blood group protein antigen (KELL) (Letarte et al., 1988; Shipp et al., 1988; Barrett, 1995, 1999; Turner et al., 2001; Bianchetti et al., 2002) . Neprilysin is also called common acute lymphoblastic leukemia antigen (CALLA), CD10, NEP, or enkephilinase (Letarte et al., 1988; Shipp et al., 1988) . The M13 zinc metalloendopeptidases are integrally involved in several diseases, including renal function defects, bone mineral loss disorders, cardiovascular disease, arthritis and inflammatory disorders, and cancer. They are also involved in many essential elements of cellular regulation and physiology (Turner et al., 2001) .
PHEX does contain key residues required for catalytic activity of small peptides , but a defined physiological substrate remains to be identified. The natural substrates for NEP are small (< 3 kDa), and this is also likely for PHEX (Oefner et al., 2000; Campos et al., 2003) . The PHEX gene is similar to the NEP family of zinc metallopeptidases in several important aspects: (1) large number of small exons (22 characterized to date for PHEX with 749 amino acids); (2) short cytoplasmic N-terminal region encompassing a small hydrophobic transmembrane domain; (3) large extracellular Cterminal domain that includes a zinc-binding motif; (4) highly conserved amino acid zinc-binding motif (HEFTH in PHEX, and HEITH in NEP), conforming to the neprilysin family HEXXH and located in the same region of the protein (Chingwen and Hersh, 1995; Turner et al., 2001) ; (5) the number and spacing of the cysteine residues '10' are almost identical to those of neprilysin, and are highly conserved; and (6) conservation of the amino acids asparagine, alanine, histidine, glutamic acid, histidine, glutamic acid, aspartic acid, histidine, and arginine at positions 538, 539, 580, 581, 584, 642, 646, 710, and 717 , respectively (these residues are variously important for sequestering the zinc atom, substrate specificity, stabilization of the transition state, and catalysis) (Le Moual et al., , 1992a Moual et al., ,b, 1993 Moual et al., , 1994 Beaumont et al., 1991 Beaumont et al., , 1992 Dion et al., 1993 Dion et al., , 1995 Turner and Tanzawa, 1997; Marie-Claire et al., 2000; Oefner et al., 2000; Turner et al., 2001) .
Initial information concerning the structure and nature of the PHEX gene product catalytic site was acquired by the mutation-analysis of 99 HYP families and the use of computerinformatics to compare known physicochemical data and sitedirected mutagenesis-studies published for M13 and M3 metallopeptidases . Several other studies have reported mutations in the PHEX gene in families with X-linked rickets, and also in the mouse homologue, and there is an excellent curated Web site detailing all known and published PHEX mutations (Sabbagh et al., 2000) . Overall amino acid sequence similarity between PHEX and NEP is 60%, with 34% identity. Of interest is the change in amino acid 583 (valine in NEP, isoleucine in PHEX). This amino acid is 3 residues 5Ј to the zinc-binding motif (VGIHEITH) in neprilysin, and site-directed mutagenesis studies confirm its role in NEP substrate specificity (Chingwen and Hersh, 1995; Rawlings and Barrett, 1995; Turner et al., 2001) .
Full-length FGF23 and MEPE do not appear to be PHEX substrates Campos et al., 2003; Liu et al., 2003a,b) . (See Section 3 for a fuller discussion of FGF23 and PHEX.) Remarkably, PHEX protects full-length MEPE from proteolysis, notably cathepsin-B cleavage (in vitro) Rowe et al., 2004) . This protection may also prevent release of the acidic COOH-terminal MEPE ASARM peptide in vivo (see Fig. 1 ). In addition, osteocalcin is not degraded by PHEX and inhibits PHEX cleavage of PTHrP (107-139) . PTHrp (107-139) is one of the very few naturally occurring, small-peptide substrates cleaved by PHEX , and Danio rerio is the simplest organism containing a PHEX gene. However, is absent in bony fish (Bianchetti et al., 2002) , suggesting that PTHrp (107-139) either is an unlikely PHEX substrate or has emerged as an alternative substrate in higher organisms. For further PHEX phylogenetic details, the reader is directed to an excellent and very informative Web site at http://wwwigbmc.u-strasbg.fr/BioInfo/ENDOPEPTIDASES_M13/ M13_homepage.html (Bianchetti et al., 2002) . Detailed M13 Znmetallopeptidase-alignments have also been published (Barrett, 1995; Barrett, 1995, 1999; Bianchetti et al., 2002) , and the MEROPS database provides direct online access at http://www.merops.co.uk.
Although osteocalcin is not cleaved by PHEX, the negatively charged Gla residues in osteocalcin are thought to interact with the highly charged and atypical S1Ј pocket . A similar interaction may also occur with the highly charged ASARM peptide region of MEPE Campos et al., 2003) . Interestingly, a single yeast two-hybrid experiment with MEPE and PHEX did not indicate an interaction between the two proteins . However, the folding and/or post-translational processing of PHEX and/or MEPE in yeast compared with insect or mammalian PHEX may have confounded the demonstration of a direct interaction. Further experiments are needed to confirm the nature (direct/indirect) of PHEX and its non-proteolytic cell-surface interactions with MEPE, osteocalcin, and perhaps other matrix proteins. Moreover, since KELL interacts with the XK protein (non-proteolytically), and other M13 members form homoand/or heterodimers, it is reasonable to speculate that PHEX may well function as a small peptide protease and also as a matrix-protein ligand.
In this regard, PHEX does cleave at acidic amino acid residues (Asp or Glu) when locked in the S1 subsite and has a strong preference for Asp Campos et al., 2003) . This was confirmed elegantly by PHEX cleavage analysis of small internally quenched fluorogenic peptides (IQFP) . More specifically, PHEX cleavage was found to occur at the amino terminus of acidic amino acid residues (Asp or Glu) adjacent to a small IQFP, MEPE-ASARM peptide . Thus, it is possible to speculate that, in the intact full-length MEPE-protein, the MEPE-PHEX association may allow for interaction with the MEPE COOHterminal ASARM motif Liu et al., 2003a) . However, this interaction may not necessarily lead to proteolysis, due to the conformational dynamics of the MEPE-PHEX interaction . The MEPE-PHEX interaction in vivo may therefore prevent proteolytic release of the protease-resistant MEPE-ASARM peptide by protecting MEPE from localized matrix proteases. Moreover, PHEX is localized to the cell-surface plasma membrane of osteoblasts, and its long carboxy terminal region extends into the extracellular milieu, ideally situated for matrix protein interactions (Sabbagh et al., 2001) . Also, several PHEX missense-mutations (C85R, G579R, and S711R) in HYP patients result in sequestration of the disease-causing mutant PHEX-proteins in the endoplasmic reticulum (ER) and failure in targeting to the plasmamembrane (Sabbagh et al., 2001 (Sabbagh et al., , 2003 . HYP mutation G579R lies one amino acid residue upstream from the PHEX catalytic domain of the Zn-binding motif HEXXH, and HYP mutation S711R lies in the conserved HSP motif shown to be important in the stabilization of the transition state (Dion et al., 1993) . Thus, both mutations were expected to abrogate PHEX smallpeptide catalytic activity. Remarkably, both mutations prevent PHEX targeting to the plasma-membrane and cause protein sequestration in the Golgi (Sabbagh et al., 2001 (Sabbagh et al., , 2003 .
PHEX plays a major role in mineralization and is expressed predominantly in bones and teeth. The bone expression is localized to osteoblasts, osteocytes, and odontoblasts but not pre-osteoblasts (Du et al., 1996; Beck et al., 1997; Guo and Quarles, 1997; Ruchon et al., 1998 Ruchon et al., , 2000b Thompson et al., 2002) . There is temporal and coordinated expression of PHEX in vitro and in vivo during osteoblast differentiation, and loss of PHEX function results in defective mineralization (EcarotCharrier et al., 1988; Ecarot et al., 1992a; Ruchon et al., 1998 Ruchon et al., , 2000b Xiao et al., 1998; Ecarot and Desbarats, 1999; Miao et al., 2001; Shih et al., 2002; Thompson et al., 2002) . PHEX also plays a major role in renal phosphate handling but is not expressed in the kidney, suggesting the secondary involvement of a circulating systemic factor. Recent studies confirm that PHEX expression in brain and PTH glands may also play a key role in phosphate homeostasis (Blydt-Hansen et al., 1999; Brewer et al., 2003) .
In summary, although there is no direct in vivo evidence, it is tempting to speculate that PHEX and possibly KELL have evolved functionally to fulfill dual roles as oligopeptidases and 'non-proteolytic' protein-ligands. A supplementary proteinprotein 'non-protease' role for PHEX and KELL is not unprecedented, since all M13 Zn-metalloendopeptidase family members form homodimer and/or heterodimer complexes, and some have no known physiological substrate (Lee et al., 1999; Turner et al., 2001) . PHEX, for example, interacts non-proteolytically with osteocalcin as well as with MEPE Guo et al., 2002) . Moreover, KELL-antigen (M13 family member) binds to XK protein and does not seem to have a confirmed physiological substrate, although it can act as an endothelin-converting enzyme (Lee et al., 1999 (Lee et al., , 2000 (Lee et al., , 2003 . No substrates have been identified for XCE, a recently identified M13 family member (Schweizer et al., 1999; . The physiological substrate for PHEX also remains elusive (Quarles and Drezner, 2001 ). The compound (Jo et al., 2000 (Jo et al., , 2001 Argiro et al., 2001; Bai et al., 2002; Dubois et al., 2002; Guo et al., 2002; Liu et al., 2003) . PHEX/phex protects MEPE from cathepsin-B and general protease degradation and prevents release of the ASARM peptide . Cathepsin-B is also expressed in the osteoblast (Aisa et al., 1996 (Aisa et al., , 2003 . Thus, in HYP/hyp, elevated MEPE (with elevated osteoblastic proteases and loss of PHEX protease protection of MEPE) results in elevated levels of protease-resistant MEPE-ASARM peptide. The MEPE-ASARM peptide inhibits mineralization in vivo, and the osteopontin ASARM peptide potently inhibits calcium oxalate crystallization and crystal growth (Rowe et al., 2000 (Rowe et al., , 2004 Hoyer et al., 2001) . Also, the salivary statherin ASARM peptide (see Fig. 2 ) plays a direct biological role in inhibiting spontaneous precipitation of supersaturated salivary calcium and phosphate and maintaining the mineralization dynamics of tooth enamel (Schlesinger and Hay, 1977; Bennick et al., 1981; Raj et al., 1992; Long et al., 1998) . Of related interest, the MEPE knockout, as expected, has accelerated mineralization and increased bone density and bone formation (Gowen et al., 2003) . Mineral maturity (mineral crystal size and perfection) throughout all anatomic regions of the osteopontin knock-out mouse bone are also significantly increased (Boskey et al., 2002) . complexity of the pathways and molecular interactions involved has been illustrated dramatically by recent HYPmouse PHEX transgenic experiments. Specifically, two groups re-introduced normal wild-type PHEX into a HYP mouse (PHEX is the primary defect). Remarkably, this failed to cure the phosphate and mineralization phenotypes Erben et al., 2003) . The possible reasons for this will be discussed in the following sections.
(3) FGF23-an Extra-osseous and/or Osteoblastic Phosphatonin: ADHR and OHO There are several excellent reviews that describe the evidence for the central involvement of FGF23 in several phosphatewasting orders, and these include ADHR, HYP, OHO, and McCune-Albright syndrome (MAS), fibrous dysplasia of bone (FD), and humoral hypercalcemia of malignancy (Strewler, 2001; Fukumoto and Yamashita, 2002; Jan de Beur and Levine, 2002; Kronenberg, 2002; Kumar, 2002; Shimada et al., 2002; Drezner, 2003; Quarles, 2003; Tenenhouse and Murer, 2003) . Using FGF-15 homology database searches, investigators originally identified FGF23 by in silico cloning (Yamashita et al., 2000) . This was followed by the discovery of focused COOHterminal FGF23 mutations in patients with ADHR . These activating mutations occur in a 176-RXXR-179 motif and confer resistance to furin-type convertases. The mutated protein is proposed to have an increased half-life, and the resulting full-length uncleaved form of FGF23 is phosphaturic in vivo and, in contrast to PTH-induced phosphaturia, does not lead to up-regulation of 1,25-vitamin D3 (Shimada et al., 2001 (Shimada et al., , 2002 Saito et al., 2003; Yamashita et al., 2002) . Also, CHO cells expressing FGF23 heterotransplanted into athymic nude mice elicit osteomalacia, depressed 1,25-vitamin D3 levels, and hypophosphatemia, closely duplicating the features of OHO (Shimada et al., 2001) . Thus, full-length (uncleaved) FGF23 is an ideal candidate for a phosphaturic hormone or phosphatonin.
Original studies, although demonstrating in vivo hypophosphatemic effects with FGF23, were unable to confirm direct in vitro inhibition with the use of OK cells (Shimada et al., 2001) . Subsequent studies, using identical cell-lines, have indicated either a heparin requirement for FGF23 phosphateuptake inhibition activity or heparinmediated inhibition of FGF23 phosphate-uptake inhibition activity in vitro (Bowe et al., 2001) . Moreover, FGF23 is reported to mediate phosphate-uptake inhibition via activation of a mitogen-activated protein kinase pathway via FGF receptor 3c in OK cells in vitro . Levels of renal Npt2 type IIa and type IIc Na-dependent phosphate co-transporter (Npt2a,b) mRNA and proteins are reduced in rat renal brushborder membranes (ex vivo), following in vivo over-expression with full-length mutant FGF23 . The overexpression was achieved by direct injection of naked human FGF23 DNA from wild-type or mutant constructs. Since the defect in phosphate re-absorption in HYP mice is secondary to a decrease in renal abundance of type IIa and type IIc Na/Pi cotransporter (Npt2) mRNA and protein, this is compelling evidence for a link with aberrant processing of FGF23 in HYP Tenenhouse and Murer, 2003) .
Without doubt, inappropriately reduced serum 1,25-vitamin D3 plays a key secondary role in HYP. Recent elegant in vivo studies indicate that FGF23 acts on renal phosphate transport indirectly by influencing vitamin D metabolism and suppressing serum levels of 1,25-vitamin D3 (Shimada et al., 2004) . Specifically, in mice given a single bolus tail-vein injection of recombinant FGF23, a dramatic reduction in 1,25-vitamin D3 was observed after 3 hrs, whereas a small reduction in serum PO4 occurred only after 9 hrs. Moreover, FGF23-mediated changes in serum 1,25-vitamin D3 were observed at doses as low as 0.18 g, in dramatic contrast to the much higher doses (from 4.5 g to 9 g) required to elicit small changes in serum PO4. All the changes described were independent of PTH. The authors concluded that FGF23 may indirectly regulate serum phosphate by controlling extra-renal factors, and they excluded intestinal phosphate absorption as an alternative site of control. The FGF23-mediated changes in vitamin D metabolism were shown to be due to a suppression of the anabolic 25-hydroxyvitamin D (3)-1(alpha)-hydroxylase (1␣-hydroxylase) and an increase in expression of the catabolic 24-hydroxylase. The mitochondrial renal 1␣-hydroxylase is responsible for synthesis of the metabolically active 1,25-vitamin D3, and the 24-hydroxylase clears 1,25-vitamin D3 via the C24 oxidation pathway.
In HYP, catabolic 24-hydroxylase activity is markedly increased (activity, protein, and mRNA) (Roy et al., 1994) . However, with regard to the 1␣-hydroxylase and HYP, a more complex pattern has emerged. Recent experiments with HYP and normal kidney-homogenates have demonstrated a paradoxical increased expression of 1␣-hydroxylase (mRNA) relative to normals, but an inappropriately reduced enzyme activity (Fujiwara et al., 2003) . Moreover, phosphate-depleted normal animals exhibited a three-fold increase in 1␣-hydroxylase activity that was accompanied by increased mRNA expression. In contrast, phosphate-depleted HYP mice did not exhibit an increase in 1␣-hydroxylase enzyme activity but, remarkably, did exhibit increased mRNA expression that was identical in magnitude to that of phosphate-depleted normals. However, similar studies by other investigators, who used purified renalmitochondria as opposed to whole-kidney homogenates, indicate an additional order of complexity (Azam et al., 2003) . Specifically, HYP animals subjected to a normal diet also had increased 1␣-hydroxylase mRNA, but, in contrast to the study where whole-kidney homogenates were used (Fujiwara et al., 2003) , a commensurate increase in 1␣-hydroxylase enzyme activity was recorded. Moreover, HYP animals subjected to a high-phosphorus diet continued to show a marked increase in 1␣-hydroxylase mRNA and 1␣-hydroxylase activity (mitochondrial) relative to normals. Remarkably, only in HYP animals fed a low-phosphorus diet was a suppression of 1␣-hydroxylase mRNA and 1␣-hydroxylase enzyme activity (renal mitochondrial) measured. Both studies (whole-kidney homogenate and renal mitochondrial) agree that 1␣-hydroxylase mRNA is paradoxically elevated in HYP animals relative to normals when both are fed normal-phosphorus diets. Thus, there may well be a factor present in HYP whole-kidney homogenates that poisons or inhibits 1␣-hydroxylase activity.
Clearly the dysfunctional changes in vitamin D metabolism in HYP, ADHR, and OHO are complex. However, the recent in vivo FGF23 experiments by Shimada et al. (2004) (discussed above) have shifted the paradigm and provided compelling evidence that the primary action of FGF23 is on vitamin D metabolism, and that the effects on phosphate could be secondary (independent of PTH) (Shimada et al., 2004) . Also, analysis of recent data by Larsson et al. (2003) indicates that FGF23 levels do not change in response to variations in phos-phate uptake in healthy volunteers, although serum FGF23 levels do increase in patients with impaired renal function . Indeed, FGF23 could be a central conduit through which several hypophosphatemic disorders (notably HYP, ADHR, and OHO) are linked. In this regard, several investigators have reported an association between serum levels of FGF23 and phosphate levels in HYP, OHO, McCuneAlbright syndrome (MAS), fibrous dysplasia of bone (FD), and humoral hypercalcemia of malignancy (Fukumoto and Yamashita, 2002; Shimada et al., 2002; Liu et al., 2003a; Riminucci et al., 2003; Singh and Kumar, 2003; Weber et al., 2003) . FGF23 appears to be elevated in some but not all cases of OHO, and although there is no statistical correlation with circulating FGF23 in HYP patients, there is a small but significant correlation reported for the degree of hypophosphatemia Jonsson et al., 2003; Larsson et al., 2003; Weber et al., 2003) . The diffuse correlation between FGF23 and HYP could well be due to the FGF23 'primary' effect on vitamin D metabolism and a secondary bone-renal dynamic effect on serum phosphate.
Key to the putative HYP, FGF23 association is the primary defect in HYP, a Zn metalloendopeptidase (PHEX) described earlier (HYP Consortium et al., 1995; Rowe et al., 1996a Rowe et al., , 1997 . This led to the proposal that full-length FGF23 (phosphaturic) is normally inactivated by PHEX, and that the mutated ADHR FGF23 protein is resistant to PHEX proteolysis (Bowe et al., 2001; Kumar, 2002 ). An initial study, by an indirect approach, confirmed that mutated 'ADHR' FGF23 was resistant to PHEX cleavage, and that wild-type FGF23 is sensitive to PHEX cleavage (Bowe et al., 2001) . However, other studies, with direct techniques, have failed to demonstrate cleavage of full-length FGF23 or peptides by PHEX (Liu et al., 2003a) . Although it now seems unlikely that PHEX cleaves FGF23 (mutant or wild-type), it is possible that PHEX has a secondary impact on the processing of FGF23, and/or affects the levels of FGF23 expression (Liu et al., 2003a,b) . This could occur at extra-osseous sites, particularly since FGF23 expression was primarily localized to the ventrolateral thalamic nucleus of the brain, and PHEX is also expressed in the brain and parathyroid glands (Blydt-Hansen et al., 1999; Yamashita et al., 2000) .
(4) Matrix Extracellular PhosphoglycoprotEin (MEPE): Osteoblastic Phosphatonin & Minhibin
Matrix Extracellular PhosphoglycoprotEin (MEPE) was first cloned from a tumor resected from a patient with tumor-induced osteomalacia (OHO) (Rowe et al., 2000) . MEPE belongs to a distinct family of proteins that have recently been named Short Integrin Binding Ligand Interacting Glycoproteins (SIBLINGs) (Rowe et al., 2000; Fisher et al., 2001 [ENM] ) all map to 4q21 and have many shared features. These include RGD motifs, protein glycosylation, phosphorylated residues (serines), similar genomic structures, and ASARM motif in diverse structural contexts (OPN, MEPE, DMP-1, and DSPP), and all have links to bone-dentin mineralization and/or phosphate calcium homeostasis (Fig. 2) (Rowe et al., 2000; Fisher et al., 2001) . MEPE was originally cloned by expression-screening of an OHO-tumor cDNA library with polyclonal antibodies that neutralized OHO tumor-secreted renal-phosphate-uptake-inhibiting factor(s) (Rowe et al., 1996b (Rowe et al., , 2000 . This was followed by the cloning of rat MEPE (OF45) and mouse MEPE (Argiro et al., 2001; Petersen et al., 2000) . The MEPE nullmutant mouse has increased bone mass, resistance to aging- . In MEPE and DMP-1, the ASARM peptide occupies the most distal COOH-region of the molecule and is highlighted with a boxed cartouche labeled 'MEPE ASARM peptide'. The boxed cartouche labeled as 'statherin-ASARM peptide' contains the sequence shown to play a biological role in inhibiting spontaneous precipitation of supersaturated salivary calcium and phosphate and maintaining the mineralization dynamics of tooth enamel (Schlesinger and Hay, 1977; Bennick et al., 1981; Raj et al., 1992; Long et al., 1998) . Statherin is also thought to function in the transport of calcium and phosphate in salivary glands (Raj et al., 1992) . In both MEPE and statherin, cathepsin-B and/or general protease cleavage results in the release of MEPE and statherin protease-resistant ASARM peptides. Both MEPE and statherin ASARM peptides are phosphorylated, proteaseresistant, acidic and highly charged molecules with low pI's. They also share biological properties. For example, a feature of the MEPE ASARM region is the repeat (D) SSES/E sequence. This short sequence has been shown to be a key inhibitor of hydroxyapatite crystal formation and mineralization in salivary statherin (Raj et al., 1992; Long et al., 1998) . (B) Schematic presentation of the remarkable clustering of MEPE, DMP-1, statherin, and other SIBLING genes on chromosome 4. associated trabecular bone loss, increased mineralization-apposition rate (MAR), and a dramatically accelerated mineralization rate in ex vivo osteoblast cultures (Gowen et al., 2003) . MEPE is markedly up-regulated in X-linked hypophosphatemic rickets HYP-osteoblasts and OHO-tumors and is exclusively expressed in osteoblasts, osteocytes, and odontoblasts (Rowe et al., 1996b (Rowe et al., , 2000 (Rowe et al., , 2004 Petersen et al., 2000; Argiro et al., 2001; Bai et al., 2002; De Beur et al., 2002; Guo et al., 2002; MacDougall et al., 2002; Gowen et al., 2003) . We have recently confirmed that MEPE inhibits phosphate-uptake and mineralization in vivo and in vitro (Dobbie et al., 2003; Rowe et al., 2004) . MEPE-mediated in vivo phosphaturia in rodents can be induced via bolus administration or infusion (Dobbie et al., 2003; Rowe et al., 2004) . The in vitro mineralization-inhibition observed with MEPE is mediated by a short cathepsin-B-released carboxy-terminal MEPE-peptide (ASARM peptide), and this peptide likely also inhibits phosphate uptake (Rowe et al., 2000 (Rowe et al., , 2004 . Dramatic changes in serum MEPE (41% drop) have also been reported in healthy subjects given high-phosphate diets (Allen et al., 2003) . The antibodies used to screen circulating MEPE were not specific for the full-length molecule and likely not specific for the carboxy-terminal MEPE ASARM peptide. Thus, the dramatic reduction reported in circulating MEPE may reflect an increase in MEPE expression, accompanied by increased proteolytic turnover and release of protease-resistant ASARM peptide, and is consistent with the ASARM model (see HYP below for fuller discussion). This is supported by the finding that 1,25-vitamin D3 suppresses MEPE expression in rodents, and that levels of 1,25-vitamin D3 are reduced in individuals on high-phosphate diets (Argiro et al., 2001) . Also, the vitamin D receptor null-mutant mouse has markedly increased levels of mRNA MEPE expression (Okano et al., 2003) . In summary, there is strong evidence that the MEPE ASARM peptide plays a key role in modulating mineralization and likely affects renal-phosphate handling via a unique PHEX-MEPE proteinprotein interaction and coordinately inhibits mineralization (minhibin) Rowe et al., 2004) . This is discussed further below. 
FROM PROTEASE CLEAVAGE
As discussed earlier, the physiological substrate for PHEX remains elusive, and although small synthetic peptides of FGF23 and MEPE are substrates, several studies have failed to confirm cleavage of full-length FGF23 and/or MEPE Campos et al., 2003; Liu et al., 2003a) . Remarkably, PHEX and a mutated carboxy-terminal PHEX-fragment protect MEPE from cathepsin-B cleavage in vitro. Also, cathepsin-B is expressed in the osteoblast Aisa et al., 2003) , and cathepsin-B cleavage of MEPE results in the specific release of ASARM peptide (Figs. 1, 2A ) (Rowe et al., 2004) . The cleavage sites are highly conserved in all cloned species (mouse, rat, monkey, and human), and the ASARM peptide is extraordinarily resistant to a vast array of proteases, including carboxypeptidases (B/T), cathepsins-(BDGK), trypsin, granzyme-A, papain, pepsin, kallikrein, plasmin, nardilysin, NEP, and ECEL1/DINE. Interestingly, the renal-phosphate inhibitory activity of conditioned media from OHO tumors cannot be inactivated by proteolytic digestion with trypsin, proteinase K, and/or papain (Miyauchi et al., 1988; Wilkins et al., 1995; Jonsson et al., 2001) . However, these enzymes efficiently abolish the capacity of PTH and parathyroid extracts to inhibit renal phosphate uptake in vitro . Size ultrafiltration experiments also indicate that tumor phosphatonin-minhibin activity is due to small (< 5 kDa) protease-resistant molecules (Miyauchi et al., 1988; Cai et al., 1994; Wilkins et al., 1995; Lajeunesse et al., 1996; Nelson et al., 1996 Nelson et al., , 2001 Jonsson et al., 2001) . These findings are consistent with the notion that the small proteolytically resistant ASARM peptide is a phosphatonin and/or minhibin (Rowe et al., 2004) . Of direct relevance is the finding that cathepsin D, neprilysin (NEP), and ECEL1/DINE proteases are markedly upregulated in HYP-mice osteoblasts and bone marrow stromal cells (BMSC) (Jo et al., 2000 (Jo et al., , 2001 Dubois et al., 2002) . Indeed, these authors reported a strong correlation between the inhibition of P(i) uptake by conditioned media (CM) from HYP cells and elevated NEP-like activities. Other investigators also confirm NEP mRNA and protein expression in mouse bone tissue, including bone-forming cells, osteoblast precursors, preosteoblasts, osteoblasts, and osteocytes (Ruchon et al., 2000a) . Moreover, cathepsin D has been reported to have an inhibitory effect on osteoblast cell mineralization, and an improvement of the HYP-mouse mineralization defect occurs on the addition of pepstatin (a cathepsin-D inhibitor) (Jo et al., 2000 (Jo et al., , 2001 . Also, incubating HYP osteoblasts with phosphoramidon (protease inhibitor) prevents the production of an osteoblast-secreted inhibitor of renal phosphate (P[i]) uptake (Jo et al., 2000 (Jo et al., , 2001 Dubois et al., 2002) . This is consistent with a protease-inhibitor (phosphoramidon, pepstatin)-mediated reduction in free ASARM peptide in the HYP osteoblast. Thus, the reported massive up-regulation of MEPE, the excess protease expression, and the lack of functional PHEX would collectively increase the levels of MEPE ASARM peptide dramatically in HYP (see Fig. 1 ). This in turn would cause the observed peri-osteocytic defects in mineralization, leading to rickets, dental abnormalities, and/or osteomalacia. Of additional interest is the finding that normal human-osteoblast cathepsin-B production, secretion, and activity are markedly stimulated by interleukin-␤-1, PTH, and dexamethasone boneresorbing agents (Oursler et al., 1993; Aisa et al., 1996) .
(5B) OSTEOPONTIN, STATHERIN, SUPERSATURATED CALCIUM PHOSPHATE, SALIVA & ASARM PEPTIDE A remarkable association to an ancestral mineralization gene is provided by our observation that statherin also contains an ASARM motif (Rowe et al., 2004) and maps to the same region of chromosome 4q21 (Figs. 2A, 2B ). Statherin, a small 63-residue salivary protein, maintains mineral solution dynamics of enamel by virtue of its ability to inhibit spontaneous precipitation and crystal growth from supersaturated solutions of calcium phosphate minerals (Raj et al., 1992; Schwartz et al., 1992; Long et al., 1998 ). Statherin's role in preserving the calciumphosphate supersaturated state of saliva is crucial for re-calcification and stabilization of tooth enamel and for the inhibition of formation of mineral accretions on tooth surfaces. In addition, statherin has been proposed to function in the transport of calcium and phosphate during secretion in the salivary glands (Raj et al., 1992) . As with the MEPE ASARM peptide, a single cathepsin-B site is present in statherin that would potentially release the highly charged and phosphorylated aspartate-serine-rich statherin ASARM peptide. Recently, an osteopontin-
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Crit Rev Oral Biol Med Matrix-proteins required for mineralization (osteocalcin, bone sialoprotein, vitronectin, DMP-1): These proteins are down-regulated in HYP, and the DMP-1 null-mutant has a rickets-like bone phenotype. Of relevance to the functional role of the ASARM peptide present in DMP-1, MEPE, BSP, and OPN is the finding that mineralization enhancement occurs when matrix proteins such as DMP-1 and DSP are irreversibly bound to matrix (collagen). In contrast, unbound matrix phosphoproteins inhibit mineralization. This may well be analogous to the presence of free, protease-resistant, acidic phosphorylated ASARM peptide in Hyp (minhibin osteoblastic-phosphatonin).
PHEX:
This gene is mutated in Hyp, and evidence suggests that one of its functions is to protect MEPE from proteolytic cleavage and thus release of ASARM peptide. PHEX may also indirectly influence FGF23 processing at an extra-osseous site. Although low-level expression of FGF23 does occur in bone, there are no reports of FGF23 expression in primary osteoblasts. However, low-level FGF23 expression has been reported in an SV40 transgenic (stably transformed) normal mouse osteoblastic cell-line (NORM-SV40). Moreover, FGF23 expression in an Hyp SV40 transgenic Hyp-mouse osteoblastic cell-line (Hyp-SV40) was relatively increased. Also, unlike MEPE, there is no correlation with osteoblast developmental expression and FGF23 expression. Direct PHEX cleavage of FGF23 is equivocal (see text for further discussion).
ASARM peptide (MEPE):
In free form, this peptide inhibits mineralization. As part of a matrix protein (MEPE, DMP-1) bound to extracellular matrix, it may well be required as a nucleator/enhancer of mineralization. The ASARM peptide is resistant to most known proteases and is very stable. Elevated MEPE expression and protease activity in HYP are predicted to result in increased levels of ASARM peptide. Moreover, evidence that PHEX protects MEPE from proteolysis suggests that this may also contribute to the increased levels of ASARM peptide in HYP (defective PHEX). Free ASARM peptide may also contribute to the inhibition of renal-phosphate uptake. The renal-phosphate inhibition is likely steric and would exacerbate transcriptional effects on NPT2 expression mediated directly or indirectly by other factors (FGF23).
Proteases/Cathepsin B: Protease ECEL-1/DINE, NEP, and cathepsin D are markedly elevated in HYP osteoblasts and bone marrow stem cells. In combination with the documented increased in MEPE expression, this may contribute to a marked elevation of free MEPE ASARM peptide in Hyp. The ASARM peptide is resistant to proteolysis.
derived ASARM peptide was found to be a potent inhibitor of calcium-oxalate formation and mineralization (Hoyer et al., 2001; Wesson et al., 2003) , and, for the first time, we demonstrated, in a biological system, that the MEPE ASARM peptide is a powerful inhibitor of BMP2-mediated mineralization of murine-osteoblast (2T3) cells in vitro (Rowe et al., 2004) .
(5C) MEPE NULL-MUTANT HAS INCREASED BONE AND MINERALIZATION APPOSITION RATE
If the proposed ASARM peptide model is valid, then a MEPE knockout should result in increased mineralization. Recently, an elegant study by Gowen et al. (2003) described a MEPE (OF45) knockout. The animal has increased bone mass, and increased numbers and thickness of trabeculae and cortical bone mass. In vitro, osteoblasts exhibit an accelerated mineralization rate, and in vivo, the mineralization apposition rate (MAR) is dramatically increased compared with that in normals. This is consistent with MEPE's proposed role as a controller of the rates of development and sizes of mineral structures (ASARM peptide), as well as the bone formation rate. The null change in serum phosphate is consistent with the ASARM model and is described in more detail below. (See Section 6e, 'MEPE null-mutant model'.) Interestingly, a more detailed FTIRM analysis of the osteopontin (Opn) knockout (osteopontin 'ASARM peptide' inhibits calcification of oxalate; Hoyer et al., 2001) revealed that the relative amounts of mineral in the more mature areas of bone (central cortical bone) are significantly increased in these animals (Boskey et al., 2002) . Moreover, mineral maturity (mineral crystal size and perfection) throughout all anatomic regions of the Opn-deficient bone is significantly increased, together with hyperoxaluria-induced renal-stone formation (Boskey et al., 2002; Wesson et al., 2003) . Further experiments are needed to determine whether this phenotype is also exhibited to a greater or lesser extent in the MEPE knock-out, confirming the ASARM peptide model.
(6) Global ASARM Hypothesis Fig. 1 presents a summarized scheme of the proposed interaction among PHEX, MEPE, and proteases in HYP. PHEX may regulate mineralization by modulating proteolytic activation/inactivation of MEPE and perhaps other matrix-proteins ( Fig. 2) and may coordinately regulate the release of ASARM peptide(s) (mineralization-inhibitor). Specifically, PHEX may sequester and thus transiently protect MEPE from extracellular-matrix proteases. The PHEX-mediated sequestration and protection of MEPE are then proposed to result in a decrease in the release of protease-resistant MEPE-ASARM peptide. Although the physiological substrate for PHEX remains elusive, the possibility of an indirect modulation of MEPE processing and/or release of ASARM peptide by PHEX cannot be excluded. PHEX may also have a dual role as a highly specific oligopeptidase and matrix-protein-ligand (discussed in Section 2). The following global scheme takes into account the diverse factors required for mineralization, inhibiting mineralization, and bone remodeling. Moreover, the dichotomy of osteoblastic factors and extraosseous factors involved in regulating renal phosphate handling and mineralization is also considered.
Figs. 3 to 7 collectively depict a global hypothesis that attempts to explain the observed bone-renal physiology, bonemineral loss disorders, defective renal phosphate handling, and diverse mouse models (null-mutants, transgenics, and doublenull/transgenic mice) available and predicted. The Table pre sents an index with key iconic features used for specific molecules depicted in Figs. 3 to 7 . In all Figs. (3 to 7) , the lower left part of the scheme represents the osteoblast (wavy line), the upper left the ventro-lateral-thalamic nucleus (VLTN), or, less specifically, the brain. Letters encircled at different points in each diagram are specific reference points for descriptions in the text. For example, reference point A in Fig. 3 will be referred to as Fig. 3A when discussed in the text. The upper right portion of the schemes represents the kidney, and the central cartoon depicts the upper femur. The VLTN, or brain, is also representative of extra-osteoblastic sites of FGF23 (VLTN) and PHEX (brain) expression. FGF23 expression occurs in the VLTN region of the brain, and expression in bone and other tissues is very low, as indicated earlier Yamashita et al., 2000; Guo et al., 2001 Guo et al., , 2002 Bai et al., 2002; Liu et al., 2003a; Quarles, 2003) . Within the cartoon representing bone (specifically the growth plate of the femur encompassing the epiphyseal, metaphyseal, and diaphyseal regions) is a white region representative of osteoid or unmineralized bone-matrix. The size of the osteoid in the different models is schematically representative of the degree of mineralization. The condition described in each Figure 3 . Normal physiology. A scheme representing the proposed dynamic and interactive roles of PHEX, FGF23, MEPE, and matrix proteins in maintaining normal tooth-bone-renal-mineralization and phosphate homeostasis. See text for detailed description (specifically, the subparagraph entitled 'Normal Physiology [Global Hypothesis]'). Also refer to the Table for more details concerning the icons used to represent the diverse molecules, pathways, and tissues. Fig. is indicated in a box above the representation of the femur. Finally, an animated scheme of the ASARM model (flashmedia) can be accessed at the following url: http://periodontics.uthscsa.edu/rowe/asarm-modelandfgf23.html.
(6A) NORMAL PHYSIOLOGY (SEE FIG. 3)
In this scheme (see Fig. 3A ; osteoblast; lower left), the proteins required for mineralization (osteocalcin, bone sialoprotein, vitronectin, and DMP-1) are in dynamic balance with the ASARM peptide, an inhibitor of mineralization (Rowe et al., 2004) . These proteins (required for mineralization) are down-regulated in rickets, and the DMP-1 null-mutant is reported to have a bone phenotype reminiscent of rickets (defective, hypomineralization) (Miao et al., 2001 (Miao et al., , 2004 Huang et al., 2003) . In contrast, osteoblast-expressed MEPE protein is up-regulated in rickets, and there is in vitro, 'indirect', evidence suggesting that PHEX may sequester MEPE and/or other matrix proteins (osteocalcin) on the plasma-membrane (see Fig. 3B ; cell-surface of the osteoblast) (Argiro et al., 2001; Boileau et al., 2001; Sabbagh et al., 2001; Bai et al., 2002; Guo et al., 2002; Liu et al., 2003a) . Analysis of the same in vitro data indicates that PHEX-sequestered MEPE is protected from matrix proteases. The PHEX sequestration is likely reversible, and free unbound-MEPE is vulnerable to cleavage by extracellular matrix proteases/cathepsin B (see Fig.  3C ). In HYP, these proteases (ECEL1/DINE, NEP, cathepsin D) are markedly elevated, as is MEPE (Jo et al., 2000 (Jo et al., , 2001 Argiro et al., 2001; Bai et al., 2002; Dubois et al., 2002; Guo et al., 2002; Liu et al., 2002 Liu et al., , 2003a . Cleavage of MEPE would result in the release of the protease-resistant stable ASARM peptide (Figs. 3C, 3D ).
Free ASARM peptide may also sterically inhibit the NPT2 cotransporter (see Fig. 3E ; kidney, upper right) by direct binding. Whether this NPT2 interaction occurs during normal physiology or is one of the pathophysiological factors that contributes to the inhibition of phosphate uptake in HYP and/or OHO remains to be resolved experimentally.
FGF23 expression occurs in the brain and, more specifically, in the ventro-lateral-thalamic nucleus (Yamashita et al., 2000) (see Fig. 3G , upper left), and PHEX may well indirectly influence the cleavage and inactivation of FGF23 by pro-protein convertases (Fig. 3H) . There are no specific reports of PHEX expression in the VLTN, but PHEX is ubiquitously expressed, and there is high-level expression in the parathyroid glands and brain (Blydt-Hansen et al., 1999; Brewer et al., 2003) . Indeed, in one study, the levels of brain PHEX mRNA expression in growing animals was markedly higher than in calvariae and femurs . Moreover, this same study reported a marked and significant increase in PHEX mRNA expression in the brains of animals fed a low-phosphate diet. PHEX expression in the parathyroid glands is also altered in some unique cases of patients with tertiary hyperparathyroidism (Blydt-Hansen et al., 1999) . These authors reported that PHEX mRNA levels were several-fold greater in parathyroid glands from two patients and suggested that PHEX may also have a role in the normal regulation of PTH (Blydt-Hansen et al., 1999) . Thus, indirect regulation of FGF23 by PHEX may also occur in the brain or parathyroid glands, although studies are needed to confirm this.
Full-length uncleaved FGF23 molecule may indirectly/directly down-regulate the proteins required for mineralization (Figs. 3I, 3A ; osteoblast, lower left). The proteins required for mineralization depicted in the scheme are all down-regulated in HYP, and the DMP-1 null-mutant mouse is reported to have a defective bone-tooth mineralization phenotype (Miao et al., 2001 (Miao et al., , 2004 Huang et al., 2003) . In contrast, MEPE (mineralization inhibitor via ASARM peptide) expression is elevated in HYP (Argiro et al., 2001; Bai et al., 2002; Guo et al., 2002; Liu et al., 2003a) . Thus, FGF23 and/or other cytokines are likely directly/indirectly responsible for the changes in expression of these proteins. Specifically, several experiments have shown that full-length FGF23 administered in vivo causes rickets and defective mineralization (Shimada et al., 2001 (Shimada et al., , 2002 (Shimada et al., , 2004 Bai et al., 2003; Segawa et al., 2003) . FGF23-mediated mineralization-inhibition has not been reported in vitro, suggesting an indirect FGF23 signal-mediated mechanism that could be modulated indirectly by PHEX at extra-osseous sites (possibly brain or parathyroid glands; Fig. 3H ). Also, full-length FGF23 indirectly or directly suppresses expression of the NPT2 phosphate co-transporter (NPT2), suppresses expression of 1␣-hydroxylase, and increases expression of 24-hydroxylase (decrease in serum 1,25-vitamin D3) Figure 4 . X-linked rickets (Hyp). A cartoon illustrating the proposed changes in X-linked hypophosphatemic rickets. The primary defect in this disease is the PHEX gene, and this has an impact on renal phosphate handling, vitamin D metabolism, and mineralization. For comparison with normal states, see Fig. 3 . See text for detailed description (specifically, the subparagraph entitled 'Xlinked hypophosphatemic rickets [Hyp] [Global Hypothesis]'). Also refer to the Table for more details concerning the icons used to represent the diverse molecules, pathways, and tissues.
( Fig. 3J) (Shimada et al., 2001 (Shimada et al., , 2004 Bai et al., 2003; Segawa et al., 2003) .
(6B) X-LINKED HYPOPHOSPHATEMIC RICKETS (HYP) (FIG. 4)
In Hyp/HYP, PHEX is defective, as depicted in the lower right panel (osteoblast) and upper-left panel, depicting the brain, parathyroid glands, and/or ventrolateral-thalamic nucleus (VLTN) (Figs. 4A, 4G; see Table for iconography) . Also, the levels of MEPE expression are dramatically increased in Hyp osteoblasts relative to normal osteoblasts (Fig. 4B) (Argiro et al., 2001; Bai et al., 2002; Guo et al., 2002; Liu et al., 2003a) . The 'ASARM model' would predict that PHEX sequestration of MEPE does not occur due to mutated PHEX, and this results in increased MEPE vulnerability to proteolysis (Fig. 4A) . Also, protease (ECEL1/DINE, NEP, cathepsin D) expression is markedly increased in Hyp (Fig. 4C ) (Jo et al., 2000 (Jo et al., , 2001 Dubois et al., 2002) . The increased MEPE and protease expression and loss of PHEX sequestration (protection) of MEPE result in the generation of large quantities of protease-resistant ASARM peptide ( Fig. 4D ; pathological). The free 'rogue' ASARM peptide (highly stable and resistant to proteases) locally inhibits mineralization of osteoid ( Fig. 4E ; large osteoid seam depicted). Given the physiocochemical properties shared with the bisphosphonates and PFA (acidic, phosphorylated, low pI, highly charged, hydrophilic, and small size), the ASARM peptide may alter phosphate-uptake and mineralization via a similar mechanism. Indeed, inhibition of mineralization is likely somewhat analogous to the inhibition elicited by bisphosphonates (Bonjour et al., 1975; Trechsel et al., 1977; McCloskey et al., 1988) and has been reported for osteopontin, statherin, and MEPE ASARM peptide (Raj et al., 1992; Gururaja and Levine, 1996; Hoyer et al., 2001; Tamaki et al., 2002; Rowe et al., 2004) . Moreover, circulating ASARM peptide likely inhibits renal phosphate uptake by directly binding (reversibly) to NPT2, again in a manner also proposed to be analogous to bisphosphonates and phosphonoformic-acid (Fig. 4F) (LoghmanAdham et al., 1987 (LoghmanAdham et al., , 1992 VanScoy et al., 1988; . Remarkably, in vivo or in vitro, PFA and bisphosphonates can elicit dual actions on phosphate-uptake (inhibition or enhancement) (Walton et al., 1975; Muhlbauer et al., 1981; . This dual biological response is dependent on mode of administration.
FGF23 may also play a key role in the pathophysiology of HYP. Specifically, inappropriate processing of FGF23 at an extra-osseous site will directly or indirectly suppress NPT2 gene expression (Fig. 4G) . Thus, the direct phosphate-inhibitory effect of free ASARM peptide is compounded by FGF23 (Figs. 4D, 4F) . Also, as previously mentioned, matrix proteins (required for mineralization) are suppressed and MEPE expression is increased in Hyp (Argiro et al., 2001; Miao et al., 2001; Bai et al., 2002; Guo et al., 2002; Liu et al., 2003a) . This is also likely mediated directly or indirectly by FGF23 (Figs. 4I, 4B) . Finally, full-length unprocessed FGF23 directly alters vitamin D metabolism, as depicted in the scheme (Fig. 4H) .
(6C) AUTOSOMAL-DOMINANT HYPOPHOS-PHATEMIC RICKETS (ADHR) (FIG. 5)
As discussed earlier, in ADHR, mutated FGF23 results in increased stability and half-life of the full-length, phosphaturic, FGF23 molecule (activating mutation; Fig. 5A , upper left VLTN/brain). This is proposed to suppress expression of proteins required for mineralization (Fig. 5C ), increase expression of proteins inhibiting mineralization (MEPE, ASARM peptide; Fig. 5D ), inhibit renal phosphate uptake and 1␣-hydroxylase expression, and/or increase 24-hydroxylase activities (Fig. 5B) . There is no direct evidence for PHEX-mediated proteolytic inactivation of FGF23, although processing of FGF23 by PHEX may occur indirectly (see Section on FGF23 for fuller discussion) (Liu et al., 2003a; Quarles, 2003) . Moreover, as discussed earlier, there is no direct evidence that FGF23 directly effects expression of matrix proteins. However, expression of these proteins is altered in Hyp (no published data for ADHR), and some studies correlate FGF23 levels with the degree of hypophosphatemia in Hyp. amin D metabolism, and mineralization, as depicted in the scheme ( Fig. 6A ; see lower right for tumor representation). Of interest is the finding that MEPE is expressed in all OHO tumors screened to date and is notably absent from non-phosphaturic tumors (Rowe et al., 2000; Seufert et al., 2001; Shimada et al., 2001; De Beur et al., 2002) . Moreover, as discussed earlier, DMP-1 is also over-expressed by many of these tumors (Shimada et al., 2001; De Beur et al., 2002) and also has a carboxy-terminal ASARM motif (Rowe et al., 2000) (Fig. 1) . Thus, extensive proteolysis and release of the protease-resistant ASARM peptide may well mediate the patho-physiological changes in specific MEPE-and DMP-1-expressing tumors (Figs. 6B, 6C ). FGF23-expressing tumors are predicted to result in a similar inhibition of mineralization and hypophosphatemia via a different mechanism, as discussed earlier (see HYP, ADHR, and also Figs. 6D, 6E). The observation that not all phosphaturic OHO tumors express FGF23 but all screened tumors (to date) do express MEPE (Rowe et al., 2000; Seufert et al., 2001; Shimada et al., 2001; De Beur et al., 2002) suggests that MEPE could be downstream of FGF23 in the phosphate/mineralization signaling cascade and supports the ASARM model. However, this is speculative and remains to be confirmed experimentally.
Proteolysis of FGF23 leads to inactivation of phosphaturic activity, and, as previously discussed, some but not all OHO tumors are predicted to secrete large quantities of wild-type FGF23 that overwhelm the cellular proteolytic machinery (see section on FGF23). Moreover, there is strong evidence, from several groups, of the involvement of tumor-secreted phosphaturic factors of diverse sizes (Aschinberg et al., 1977; Popovtzer, 1981; Miyauchi et al., 1988; Cai et al., 1994; Wilkins et al., 1995; Lajeunesse et al., 1996; Nelson et al., 1996 Nelson et al., , 1997 Nelson et al., , 1998 Nelson et al., , 2001 Rowe et al., 1996b Rowe et al., , 2000 Jonsson et al., 2001) . In this regard, the majority of the reports directly implicate low-molecular-weight protease-resistant peptides and confirm the seminal findings by Miyauchi et al. (1988) concerning the phosphaturic effects of heterotransplanting tumors into nude mice. For example, Jonsson et al. (2001) partially purified a low-molecular-weight phosphaturic factor (high-pressure liquid chromatography, etc.) from four OHO tumors. The phosphate-uptake inhibiting activity (OK renal cells, in vitro) of the low-molecular-weight tumor-factor was resistant to the following proteases: trypsin, proteinase K, and papain. In contrast, the ability of PTH and parathyroid extracts to inhibit renal phosphate was abolished by treatment with the same enzymes . The HPLC characteristics they described for this molecule are remarkably similar to those of the synthetic MEPE ASARM peptide (unpublished observations). Full-length FGF23 is phosphaturic in vivo, and cleavage of this molecule inactivates its activity; thus, it is unlikely that these small phosphaturic molecule(s) are derived from FGF23. However, it is possible that, in some tumors, over-expression of FGF23 may indirectly/directly alter expression of smaller phosphaturic and mineralization inhibiting peptides derived from the bone-matrix (MEPE?). This remains to be tested experimentally.
(6E) MEPE NULL-MUTANT
Disruption of MEPE/OF45 expression in the mouse results in increased bone-mass, resistance to age-associated trabecular bone loss, increased mineralization apposition rate, accelerated mineralization in ex vivo osteoblast cultures, and normo-phosphatemia (Gowen et al., 2003) . This phenotype is consistent with the ASARM model for the following reasons. Although there are no published reports concerning the relative expression levels of matrix proteins in the MEPE null-mutant, given the null-phenotype, matrix-proteins required for mineralization (DMP-1, osteocalcin, BSP, and vitronectin) are likely normal or slightly elevated. Thus, an absence of the MEPE-ASARM peptide (mineralization inhibitor) required to counterbalance the mineralization/bone-formation process is wholly compatible with the observed MEPE null-mutant bone-phenotype. Moreover, the normal phosphate homeostasis (as observed) is also expected, due to the absence of ASARM peptide and the presence of normal FGF23/PHEX expression.
(6F) HYP-PHEX TRANSGENIC MOUSE (FIG. 7) Surprisingly, osteoblast-targeted re-introduction of normal PHEX into Hyp mice (PHEX-defective mice) only partially corrects the mineralization phenotype, and the mice retain hypophosphatemia (Bai et al., 2002; Liu et al., 2002; Erben et al., 2003) . However, this is consistent with the ASARM model. In two of the three Figure 6 . Oncogenic hypophosphatemic hypophosphatemia (OHO). Global scheme proposing the changes in oncogenic hypophosphatemic osteomalacia, also known as tumor-induced osteomalacia (OHO). See text for detailed description (specifically, the subparagraph entitled 'Tumor-induced osteomalacia [OHO] [Global Hypothesis]'). Also refer to the Table for more details concerning the icons used to represent the diverse molecules, pathways, and tissues.
reported transgenic studies, normal PHEX expression was targeted to the osteoblast (Fig. 7E, lower right osteoblast) . Thus, extra-osteoblastic (brain) mutated-PHEX protein could still, potentially, indirectly result in abnormal processing of FGF23, PTH, and/or other cytokines ( Fig. 7A; upper left VLTN) . This in turn is proposed to result in abnormal suppression (via uncleaved/unprocessed FGF23 and/or other cytokines) of NPT2 expression and vitamin-D metabolism, resulting in hypophosphatemia (Figs. 7B, 7C) . Also, proteins required for mineralization will still be suppressed due to the direct/indirect PHEX extra-osseous (brain) abnormal FGF23 processing ( Fig. 7D ; see lower left osteoblast representation). However, normal osteoblast-expressed PHEX is proposed to contribute to a partial correction of the mineralization phenotype (Fig. 7E) . This is because MEPE sequestration by normal PHEX will prevent or reduce release of free ASARM peptide (Fig. 7F) . Moreover, normal PHEX has also been reported to suppress MEPE expression (Argiro et al., 2001; Bai et al., 2002; Gowen et al., 2003) . Thus, although there is still low-level expression of proteins required for mineralization (extra-osseous full-length FGF23-mediated), there is a reduction in the levels of osteoblast-derived mineralization inhibitor (ASARM peptide). This results in only a partial amelioration of the mineralization defect, with commensurate full hypophosphatemia.
Further support for the role of the brain in PHEX-mediated bone-renal homeostasis has come from the study of transgenic Hyp-mice expressing the PHEX-gene via a 'partially' ubiquitous promoter (Erben et al., 2003) . Remarkably, the hypophosphatemic phenotype was not cured (as in the osteoblast promoter-targeted transgenics). Improvement of the bone-phenotype, however, was markedly better than the targeted osteoblastic PHEX-Hyp transgenic-mice, but not completely ameliorated. On closer inspection, however, the only tissue not expressing normal PHEX in these animals (partially ubiquitous promoter) was brain. This strongly suggests that PHEX may play a key role in processing bone-renal factors in the brain as well as in bone (extra-osseous and osteoblastic pathways). The partial correction of the mineralization defect in all transgenics described (partial-global and osteoblasttargeted) is not likely due to persistent hypophosphatemia, since NPT2 nullmutant mice with severe hypophosphatemia do not display a rickets or defective bone-mineralization phenotype (Beck et al., 1998; .
In summary, in Hyp-transgenic mice that express normal PHEX in all tissues except brain, full-length-FGF23 (brain-derived) may partially suppress expression of the osteoblast matrix-proteins required for mineralization. However, this negative impact on mineralization is likely to be counterbalanced by a reduction in free MEPE-ASARM peptide (mineralization inhibitor) due to normal osteoblast transgenic-PHEX sequestration of full-length MEPE. The net result is a partial but not complete correction of the mineralization defect and a continued hypophosphatemia.
(6H) (HYP-MEPE) DOUBLE-NULL-MUTANT
A key component in this experimental animal model is the use of the Hyp mouse as the Phex-deficient phenotype. Thus, the Phex mutation will be truly global, and defective Phex protein will occur in all tissues. Remarkably, like the 'Hyp-Phex' transgenic mice (see earlier discussion; Section 6f), a combined Mepe and Hyp null-mutant mouse (MEPE -/-: Phex -/-) retains hypophosphatemia but has a partial correction of the mineralization defect (Liu et al., 2003c) . This phenotype can be explained when one considers that defective Phex likely continues to affect extra-osteoblastic (brain) processing of FGF23 indirectly in the double-null-mutant mouse. This will in turn result in increased levels of uncleaved full-length FGF23 and thus commensurate suppression of the matrix proteins required for mineralization. In addition, the uncleaved FGF23 will indirectly suppress NPT2 expression and also directly affect vitamin D metabolism (hypophosphatemia and low serum 1,25-vitamin D3). The absence of MEPE will remove the mineralization inhibitor component (ASARM peptide) of the mineralization axis (proteins required for mineralization and mineralization inhibitors). However, the FGF23-mediated suppression of proteins required for mineralization will quench a full improvement in mineralization phenotype, and only a partial improvement in mineralization results. In addition, although MEPE-ASARM peptide is absent, a continued hypophosphatemia persists due to FGF23 suppression (direct or indirect) of NPT2 nuclear expression. Finally, the ASARM motif is a feature of the extracellular matrix (SIBLING proteins, etc.) . Thus, a continued elevated presence of ASARM peptide(s) may still be a contributory disease factor, due to the elevated osteoblastic-protease expression in Hyp. Moreover, as in the Hyp-Phex transgenic mice, the partial correction of the mineralization defect is unlikely, due to the persistent hypophosphatemia, since NPT2 null-mutant mice with severe hypophosphatemia do not display a rickets or defective bone-mineralization phenotype (Beck et al., 1998; .
(7) Haploinsufficiency & the ASARM Model: When Too Little is Too Much and Too Much is Too Little
Haploinsufficiency refers to the inability of a single wild-type allele to confer a normal phenotype (i.e., the null allele is dominant). This implies that two wild-type alleles are barely sufficient to maintain normal functioning, or that one defective allele has an adverse impact on the normal allele. Haploinsufficiency is very rare, since most individuals are heterozygous for multiple loss-of-function mutations in essential genes. Moreover, multiple new mutations arise each generation such that haploinsufficiency at most loci would, in fact, be incompatible with life itself. Therefore, the finding that the Mepe null-mutant (Mepe (-/-) and the Hyp mouse (Phex -/-) both exhibit haploinsufficiency is truly remarkable and in itself compelling evidence of a MEPE-PHEX association, regardless of the other phenotypic links described earlier (Qiu et al., 1993 (Qiu et al., , 2003 Wang et al., 1999; Gowen et al., 2003) . Moreover, the fact that X-linked hypophosphatemic rickets is a dominant disease is perplexing, and the discovery that PHEX function (a putative protease) is independent of gene dose is fascinating. This is because males have one X chromosome (XY) and females two (XX). The ASARM model, however, is consistent with these findings. In heterozygous Hyp females, both the normal and abnormal Phex alleles are expressed (Wang et al., 1999) . Thus, in Hyp female heterozygotes, there is a chimeric population of normal and abnormal osteoblasts (lyonization or X-chromosome inactivation; Lyon, 1988) , with commensurate excess of localized bone production of ASARM peptide. In Hyp hemizygous males (XY), all osteoblasts will be Phex-defective and will therefore secrete ASARM peptide, as will female homozygous Hyp-osteoblasts. Thus, only one defective Phex allele is required to produce sufficient quantities of bone-populationderived mineralization-inhibitor (ASARM peptides). This is supported by the finding of haploinsufficiency in the MEPE null-mutant and the opposite bone phenotype. Specifically, a single autosomal (chromosome 4)-defective MEPE allele (heterozygote) is also sufficient to produce disease. Thus, in MEPEnull heterozygotes, the overall production of MEPE in bone will be reduced (potentially by half), and this will be compounded by sequestration by phex (normal in all mepe nullmutant osteoblasts). In addition, Phex suppresses Mepe expression (Argiro et al., 2001; Bai et al., 2003; Gowen et al., 2003) , and this will also add to the reduction in free ASARM peptide.
As a caveat, it should be noted that although there is unequivocal absence of gene-dose effect in Hyp mice with respect to hypophosphatemia, mineralization defects, skeletal mass, renal mitochondrial 24-hydroxylase, tail-length, Phex, and alkaline phosphatase, etc. (Kay et al., 1991; Shetty and Meyer, 1991; Scriver and Tenenhouse, 1992; Qiu et al., 1993 Qiu et al., , 2003 Wang et al., 1999) , the data are less clear in humans. Some studies support haploinsufficiency in man (Petersen et al., 1992; Scriver and Tenenhouse, 1992) ; some do not (Whyte et al., 1996) . Of additional interest is the finding that vertebral length is influenced by gene dose in the Hyp mouse (Qiu et al., 2003) . This discrepancy between vertebral growth and all the other gene-dose independent parameters in the Hyp mouse was suggested to be due to the involvement of Phex in distinct pathways (Qiu et al., 2003) . Moreover, parental genomic imprinting does not appear to play a role (Qiu et al., 2003) .
(8) Summary
An intricate tapestry of hormones, cytokines, matrix proteases, and extracellular matrix-proteins has evolved to maintain bone-tooth balance and skeletal integrity. Phosphate and calcium are the fundamental building blocks of this exquisitely balanced order. They are assembled to form the superbly sculpted structures of the skeleton and the teeth. This living work of art requires finely tuned molecular mechanisms to maintain the dynamic among bone formation, bone resorption, mineralization, and inhibition of mineralization. Some new features of this complex biology have emerged, and new tools are now available. These new tools will help unravel the tangled and wrickkened complexity of interactions in disease and health.
Addendum
As this journal goes to press, two new publications have provided additional support for the model presented in this review. Studies by Jain et al. (2004) have confirmed that circulating serum MEPE in normal subjects (476 ± 247 ng/mL) is strongly correlated with serum PO4, PTH, and bone mineral density. Serum levels of matrix extracellular phosphoglycoprotein (MEPE) in normal humans correlate with serum phosphorus, parathyroid hormone, and bone mineral density (Jain et al., 2004) . Moreover, the levels of serum MEPE are also correlated with age in normal individuals. Finally, we have confirmed that PHEX and MEPE interact specifically via the ASARM motif, with surface plasmon resonance (Rowe et al., 2004) . Surface plasmon resonance (SPR) confirms that MEPE binds to PHEX via the MEPE-ASARM motif: a model for impaired mineralization in X-linked rickets (HYP).
